Alcohol-induced cardiomyopathy including fibrosis has been recognized clinically for a long time, but its pathogenesis is incompletely understood. Studies using experimental animals have not fully duplicated the pathological changes in humans, and animal models of alcoholic cardiac fibrosis are not available. In the present study, we have developed a mouse model in which cardiac hypertrophy and fibrosis were produced in metallothionein-knockout (MT-KO) mice fed an alcohol-containing liquid diet for 2 months. The same alcohol feeding did not produce cardiac fibrosis in the wild-type (WT) control mice, although there was no difference in the alcohol-induced heart hypertrophy between the WT controls and the MT-KO mice. Zinc supplementation prevented cardiac fibrosis but did not affect heart hypertrophy in the alcohol-fed MT-KO mice, suggesting a specific link between zinc homeostasis and cardiac fibrosis. Serum creatine phosphokinase activity was significantly higher in the alcohol-administered MT-KO mice than in the WT mice, and zinc supplementation decreased serum creatine phosphokinase activities and eliminated the difference between the groups. Thus, disturbance in zinc homeostasis due to the lack of MT associates with alcohol-induced cardiac fibrosis and more severe cardiac injury, making the MT-KO mouse model of alcohol-induced cardiac fibrosis a useful tool to investigate specific factors involved in the alcoholic cardiomyopathy. Myocardial fibrosis resulting from excessive fibrillar collagen deposition makes a critical contribution to left ventricular remodeling and heart failure in alcoholic patients. However, this typical cardiomyopathy has not been duplicated in animal models, being an obstacle for experimental studies of the pathogenesis of alcoholic cardiomyopathy (ACM). Zinc is a critical element that is involved in the regulation of fibrillar collagen metabolism and deposition. In general, zinc suppresses tissue collagen deposition through at least in part the inhibition of proline hydroxylase activity, 1 which is activated by alcohol-induced oxidative stress.
Myocardial fibrosis resulting from excessive fibrillar collagen deposition makes a critical contribution to left ventricular remodeling and heart failure in alcoholic patients. However, this typical cardiomyopathy has not been duplicated in animal models, being an obstacle for experimental studies of the pathogenesis of alcoholic cardiomyopathy (ACM). Zinc is a critical element that is involved in the regulation of fibrillar collagen metabolism and deposition. In general, zinc suppresses tissue collagen deposition through at least in part the inhibition of proline hydroxylase activity, 1 which is activated by alcohol-induced oxidative stress. [1] [2] [3] Zinc also is an essential element of matrix metalloproteinases, a group of zinccontaining enzymes functioning in fibrillar collagen degradation. However, the role of zinc in the regulation of collagen synthesis and degradation in the heart has not been understood. On the other hand, many studies have explored the inhibitory effect of zinc supplementation on fibrogenesis in the liver. 4 -6 It has been well known that a long-term consumption of excessive alcohol leads to zinc depletion in the liver of alcoholic patients. 7 Many experimental studies have shown that supplementation with zinc inhibits liver fibrosis in animal models. 4 -6 Zinc deficiency is an important feature found in dilated cardiomyopathy in patients. 8 -11 A recent study examining serum zinc concentrations from patients with idiopathic dilated cardiomyopathy has shown that lower serum zinc occurred in the patients than in healthy subjects. 8 The same findings have been reported in earlier studies; serum zinc and selenium levels are lower in patients with dilated cardiomyopathy. 9 -11 The zinc levels in the heart of ACM patients and animal models have not been determined. However, it has been well known that zinc levels in the liver of alcoholics and alcoholic liver disease animal models are lower than healthy subjects. 7, [12] [13] [14] An important question is whether zinc deficiency is involved in the pathogenesis of ACM.
Zinc metabolism and homeostasis in the cell are related to metallothionein (MT), which under physiological conditions binds seven atoms of zinc. 15 The role of MT in the regulation of zinc homeostasis has been revealed only very recently, 16 although such a role of MT has been suggested for a long time due to its zinc-binding capacity. 15 MT is a small protein rich in cysteine and containing no aromatic amino acids or histidine. 15 MT has a dumbbell-shaped structure with a thiolate ␣-domain M 4 II Cys11 and a ␤-domain M 3 II Cys9. 17 This unique structure and high cysteine content confer MT a substantial capacity of zinc binding; four zinc atoms in the ␣-domain and three in the ␤-domain. 18 The most important feature of MT is that under oxidative stress conditions, it releases zinc. 18 -20 The primary mechanism of regulation of zinc binding to and release from MT is likely that cysteine residues within MT can be converted between reduced and oxidized forms. 16, 20 A metallothionein-knockout (MT-KO) mouse model, in which MT-I and -II isoforms are genetically disrupted, has been produced. 21 These mice have not shown deleterious phenotypes under physiological conditions. 21 Their growth and reproductive characteristics have not been altered. 22, 23 Because of the requirement of MT in zinc homeostasis and the regulatory role of zinc in collagen metabolism and deposition, this MT-KO mouse model provides a useful tool to address the link between zinc deficiency and ACM. Thus, we took advantage of this unique mouse model to develop alcohol-induced cardiac fibrosis and to examine the effect of altered zinc homeostasis on pathogenesis of ACM.
Materials and Methods

Animals
Homozygous MT-KO mice (20 to 25 g, 8 to 10 weeks of age) produced on the 129/Sv genetic background were obtained from Jackson Laboratories (Bar Harbor, ME). MT-KO mice are phenotypically identical to their wildtype (WT) counterparts under normal conditions. 21 In addition, reproductive characteristics, growth, and development are unaltered by the MT-null mutation. 22, 23 The mice were housed in the animal quarters at the University of Louisville Research Resources Center. They were maintained at 22°C with a 12-hour light/dark cycle and had free access to rodent chow and water. The experimental procedures were approved by the Institutional Animal Care and Use Committee, which is certified by the American Association for Accreditation of Laboratory Animal Care.
Modified Chronic Alcohol Feeding Protocol
An alcohol-containing Lieber and DeCarli liquid diet has been widely used to produce animal models for alcoholics. According to our preliminary experiments, long-term feeding with the alcohol-containing Lieber and DeCarli liquid diet causes decreases in food intake and body weight gain in mice. To eliminate the possible interference of malnutrition caused by decreased food intake, we established an improved alcohol-feeding protocol for mice. In this protocol, a 1-day-stop on the last day of each week was introduced in the feeding schedule by replacing alcohol diet with control diet. The content (%, w/v) of alcohol in the diet was gradually increased, starting at 3.6, increasing 0.2 every week, and reaching to 5.0% at the end of the 2-month feeding. Accordingly, the calorie contribution of alcohol started at 26% of total calories and reached 36% at the end of 2 months of feeding. This improved alcohol-feeding protocol produced a food intake of 445 ml/kg/day, ethanol intake of 19 g/kg/day.
Animal Treatments
Ten-week-old male MT-KO and WT mice (25 to 27 g body weight) were used. Animals were pair-fed with the Lieber and DeCarli liquid diet (Bio-Serv, Frenchtown, NJ), containing either alcohol or isocaloric dextrose. Animals were randomly assigned to eight groups following a 2 ϫ 2 ϫ 2 factorial design, MT-null ϫ alcohol ϫ zinc. Zinc supplementation was done by adding zinc sulfate to the liquid diet at 100 mg zinc atom/L, with a daily intake ϳ33 mg zinc atom/kg. Food intake was recorded daily and body weight was monitored weekly. At the end of the experiment, the mice were anesthetized with sodium pentobarbital (0.05 mg/g body weight). Blood was drawn using a heparinized syringe from the dorsal vena cava, and plasma was obtained by centrifugation. The heart was perfused with saline and tissue samples were processed for both pathological and biochemical analysis.
Examination of Blood Alcohol Levels
Blood alcohol levels were examined at 9:00 a.m. on the last day of alcohol feeding. Blood samples were taken from the tail vein and immediately deproteinized with 6.25% trichloroacetic acid solution. Alcohol concentrations were determined by using a Sigma Diagnostics alcohol kit (procedure no. 332-UV; Sigma, St. Louis, MO) according to the manufacturer's instructions.
Zinc and MT Assays
Zinc concentrations in the liver as an index of zinc status in the body were determined by inductively coupled argon plasma emission spectroscopy (model 1140; JarrelAsh, Waltham, MA) after lyophilization and digestion with nitric acid and hydrogen peroxide. 24 MT concentrations in the heart were determined by a cadmium-hemoglobin affinity assay. 25 
Assessment of Heart Morphological Changes and Tissue Injury
At the time of harvesting, the heart weight was measured after perfusion and the tissue blocks for histological and ultrathin sections were prepared according to a procedure described previously. 26 Histopathological and ultrastructural changes in the heart were examined by light and electron microscopy as described previously. 26 Blood creatine phosphokinase (CPK) activities were colorimetrically measured by using a Sigma CK-20 kit (Sigma) following the instructions provided by the manufacturer.
Myocardial Fibrosis
Heart tissue sections were stained with 0.1% Sirius red for detecting collagen accumulation. 27 The Sirius redstained sections were assessed for the proportion of collagen accumulation in the heart tissues using a computer-assisted image analyzer (SigmaScan Pro5.0; SPSS Inc, Chicago, IL). There were five mice in each treatment group, in which five slides obtained from each sample (mouse) and seven random fields of each 1.2 mm 2 at ϫ130 magnification per slide were examined. The ratio of the total collagen accumulation area to the whole area of the tissue section examined was calculated and the total collagen content in each heart was expressed as percent of collagen accumulation in the heart.
Statistics
All data are expressed as mean Ϯ SE (n ϭ 4 to 6). The data were analyzed according to a 2 ϫ 2 ϫ 2 factorial design. After a significant interaction was detected by the multiway analysis of variance, the significance of the main effects was further determined. The level of significance was considered at P Ͻ 0.05.
Results
Characterization of Alcohol Liquid Diet Feeding in Mice
To monitor alcohol intake, daily food intake was recorded in the alcohol-fed WT and MT-KO mice. The pair-fed mice were adjusted for their food supply accordingly. The dietary alcohol levels were increased by 0.2% (w/v) every week and the daily food intake showed an increase during the 2-month feeding period with an average of 445 ml/kg/day in WT and 434 ml/kg/day in MT-KO mice. The calculated daily alcohol intake (g/kg/day) was 19.2 in WT and 18.7 in MT-KO mice. The average daily zinc intake (mg/kg/day) was 33.4 in WT and 32.6 in MT-KO mice. The blood alcohol levels measured at 9:00 a.m. on the last day of feeding were 221 Ϯ 45 mg/dl in WT and 210 Ϯ 30 mg/dl in MT-KO mice. There were no significant differences in any of the parameters measured above between the MT-KO and WT mice with or without zinc supplementation.
Zinc Supplementation on Zinc Concentrations in the Liver and MT Levels in the Heart
Zinc concentrations in the liver were measured as an overall indication of systemic zinc status. As shown in Table 1 , chronic alcohol feeding caused a significant decrease in the hepatic zinc concentration in both WT and MT-KO mice. Dietary zinc supplementation did not significantly increase the basal level of hepatic zinc concentrations, but prevented the alcohol-induced decrease in both WT and MT-KO mice. MT concentrations in the heart of WT mice were much higher than in MT-KO-mice ( Figure 1 ). Alcohol feeding slightly but not statistically significantly increased MT concentrations in the hearts of WT mice and zinc supplementation did not cause significant changes. MT levels in the hearts of MT-KO mice were at the margin of the detection limitation of the assay, 
Alcohol-Induced Myocardial Morphological Alterations
The results presented in Figure 2 show that alcohol induced cardiac hypertrophy as measured by the heart weight normalized to body weight. Zinc supplementation did not change the hypertrophic effect of alcohol on the heart. Histological examination identified hypertrophic cardiomyocytes in the alcohol-treated myocardium from both WT and MT-KO mice ( Figure 3 ). Zinc supplementation did not suppress alcohol-induced cardiac hypertrophy. Ultrastructural examination by electron microscope revealed alcohol-induced disruption of the mitochondrial structure, including alterations in the integrity of the mitochondrial membrane, disorganized cristae in the mitochondria, mitochondrial swelling, and overall disorganization of mitochondria in the myocardium (Figure 4 ). These damages were more severe in the myocardium of MT-KO mice than in the WT mice. Zinc supplementation appeared to suppress some of the changes and to be more effective in the WT mice. In the zinc-supplemented MT-KO mice, alcohol-induced mitochondrial swelling and disorganization remained observable.
Zinc Supplementation Prevented AlcoholInduced Cardiac Fibrosis
The morphological analyses above indicate that alcohol would induce myocardial injury differently between WT and MT-KO mice. Serum activities of CPK were measured as a marker of myocardial injury. The results presented in Figure 5 show that alcohol significantly elevated serum CPK activities in both WT and MT-KO mice. However, the elevation in the MT-KO mice was significantly higher than in the WT mice. Zinc supplementation suppressed the overt increase in serum CPK activities in the MT-KO mice and eliminated the difference between WT and MT-KO mice. We next examined whether alcohol induces myocardial fibrosis and the effect of zinc supplementation. As shown in Figure 6 , under control conditions, there was some detectable collagen accumulation visualized by the Sirius red staining and most of the collagen accumulation was perivascular. Alcohol did not change the perivascular collagen accumulation in the WT mice, but increased the accumulation in the MT-KO mice. However, the most predominant change in the MT-KO mouse myocardium was the interstitial collagen accumulation, or replacement fibrosis. In the fibrotic MT-KO myocardium, perivascular inflammatory infiltration was observed and the fibrotic area was associated with a patchy interstitial neutrophil infiltration ( Figure 6 ). It was also observed that the fibrotic area was surrounded by hypertrophic cardiomyocytes. Zinc supplementation com- pletely prevented the replacement fibrosis and inhibited the excessive perivascular collagen accumulation in the alcoholic MT-KO mice. Although excessive collagen accumulation occurred, ventricular dilation was not observed in the MT-KO mouse heart (data not shown). Semiquantitative analysis using a computer-assisted morphometric analyzer system revealed that there were greater than twofold more collagen accumulations in the alcohol-treated MT-KO mouse myocardium than in the WT mice ( Figure 7) . Zinc supplementation caused an observable, but not statistically significant, decrease in collagen accumulation in both WT and MT-KO controls and completely eliminated alcohol-elevated collagen accumulation in the MT-KO mice.
Discussion
The results obtained from the present study demonstrate that in the MT-KO mouse model a relative short-term (2 months) alcohol-containing liquid diet feeding can produce myocardial injury that simulates clinical ACM, including myocardial fibrosis that has never been produced in animal models before. An important observation of the present study is that alcohol-induced myocardial fibrosis is related to MT regulation of zinc homeostasis. That myocardial fibrosis was observed only in the MT-KO mice and zinc supplementation completely prevented the fibrotic effect strongly suggests the crucial role of zinc depletion or disturbance in zinc homeostasis in the pathogenesis of alcohol-induced myocardial fibrosis. Both WT and MT-KO mice developed cardiac hypertrophy equally and zinc supplementation did not prevent the hypertrophic effect of alcohol, indicating changes in zinc status may not be associated with alcohol-induced cardiac hypertrophy. These results suggest that the signaling pathways and molecular mechanisms by which alcohol causes myocardial fibrosis would differ from those by which alcohol induces cardiac hypertrophy. Alcoholic heart muscle disease has been recognized for a long time 28 and the prevalence of alcoholic heart muscle disease in selected populations ranges from 23 to 40%. 29, 30 Alcohol is believed to be one of the major causal agents for patients with nonischemic, dilated cardiomyopathy, referred to as ACM. 31 The exact pathogenesis of ACM has not been completely understood. However, it is clear that the duration of heavy alcohol use in patients is a critical factor. Clinical data have shown that ACM typically is seen after a long term of consistent consumption of at least 80 g of alcohol per day. 32, 33 In general, asymptomatic ACM patients with changes in cardiac structure and function had a history of consuming Ͼ90 g/day of alcohol for more than 5 years. [33] [34] [35] [36] In terms of the amount and duration of alcohol consumption required to produce symptomatic ACM, some limited data have shown that more than 10 years of excessive alcohol consumption in alcoholics produces congestive heart failure. 37 The daily amount of alcohol consumption is essentially the same between the asymptomatic and symptomatic patients. 37 Therefore, the key factor affect- ing the development of heart failure, in particular the transition from asymptomatic to symptomatic, is the duration of heavy daily alcohol consumption, although other undefined factors may also make critical contributions. Several rodent models of alcohol-induced heart injury have been tested. 38 -43 Most approaches used in these studies involve alcohol-containing liquid diet feeding for several weeks to several months. However, the simulation of the daily excessive amount of alcohol consumption in rodents without disturbance in the food intake to produce nutritional deficiency is a constant challenge. One of the most difficulties in using rodent models is that the short life span of mice or rats does not allow a sufficient long period of alcohol exposure to produce some of the critical pathological changes such as myocardial fibrosis observed in humans.
The unique MT-KO/ACM mouse model produced in the present study is of a great promise for experimental approaches to the understanding of the pathogenesis of ACM. In this model, the disturbance in food intake of the animals was minimized but the duration of the feeding for 2 months was sufficient to produce both cardiac hypertrophy and fibrosis, which closely simulate what were found in alcoholic patients. In particular, blood alcohol levels in these mice were 210 to 220 mg/dl. This range of blood alcohol levels was comparable to what was found in the alcoholic patients. One study from 153 alcoholic patients has found that the blood alcohol levels ranged from 109 to 558 mg/dl, averaged 245 mg/dl. 44 Another study from 117 hospitalized male alcoholic patients have found that the blood alcohol levels ranged from 29 to 577 mg/dl in all patients and from 200 to 299 mg/dl in 48 of them. 45 A study on 24 emergency department patients has found that the blood alcohol levels in these patients ranged from 58 to 447 mg/dl, averaged 249 Ϯ 109 mg/ dl. 46 Therefore, the blood alcohol levels in the mouse model presented here were closely mimicking what were found in the alcoholic patients, further indicating the clinical relevance of the present finding. Importantly, the myocardial fibrosis occurred only in the MT-KO mice and there were no differences in the blood alcohol levels and the alcoholic cardiac hypertrophy between WT and MT-KO mice, providing a unique experimental model to study specifically the pathogenesis of alcoholic myocardial fibrosis. However, the time course of this study (2 months) has limitations in terms of the allowance for full expression of ACM in the mouse model. For instance, we have not observed ventricular dilation in the MT-KO/ACM Semiquantitative analysis of the proportion of fibrotic area in the whole heart, expressed as percentage of the heart. Each data point was obtained from five mice, and five slides from each mouse and seven random fields (1.2 mm 2 per field) per slide were examined and digitalized using a computer-assisted morphometric imaging analyzer system. The data presented are mean Ϯ SEM and an asterisk indicates a significant difference from the rest of the groups (P Ͻ 0.05).
mice, suggesting a requirement of a prolonged observation for ventricular dilation to occur.
Understanding the molecular mechanism of ACM is a critical task in the clinical and experimental studies of the important problem of alcoholics. The results produced from the present study indicated the importance of zinc in myocardial fibrogenesis. Clinical data have shown that depressed zinc concentrations in the blood of alcoholics and patients with dilated cardiomyopathy have been a consistent defect. 8 -11 Zinc depletion is thus a critical detrimental consequence of a long-term consumption of excessive alcohol and would play an important role in the pathogenesis of ACM. A significant finding of the present study is that zinc depletion is related more to myocardial fibrosis than to cardiac hypertrophy. Alcohol-induced zinc depletion would take a long time to occur in animal model, which may explain why myocardial fibrosis has never been observed in alcoholic rodent models. In the MT-KO mice, due to the lack of zinc regulatory protein MT, zinc depletion would be accelerated; thus the fibrotic effect of alcohol can be readily expressed, as shown in the present study. In this context, the prevention by zinc supplementation from alcohol-induced myocardial fibrosis in the MT-KO mice confirmed the involvement of zinc depletion in the pathogenesis of myocardial fibrosis. In a resent study, 27 we have observed that MT gene therapy reversed an established liver fibrosis induced by carbon tetrachloride in mice, further demonstrating the causeand-effect relationship between disturbance in zinc homeostasis and fibrogenesis.
The role of MT in the regulation of zinc homeostasis has been recognized recently and many studies have produced exciting new insights into the interaction between zinc and MT and the biological significance. 16,18 -20,47 In general, Zn-MT is an important storage form of zinc in the cell. Under oxidative stress conditions, zinc is released from MT for biological activities including regulation of transcription factors and gene expression. In the absence of MT, endogenous zinc storage would be easily depleted and the zinc availability under stress conditions would be limited. Therefore, unless another source of zinc is available such as supplementation with exogenous zinc in the present study, the consequence of zinc depletion would occur, such as myocardial fibrosis observed in the present study. In this context, the MT-KO mice would have a wide range of applications in the study of dilated cardiomyopathy, as suggested by previous studies that zinc depletion occurs in patients with dilated cardiomyopathy. 8 -10 On the other hand, MT has been shown to play an important role in cytoprotection from oxidative stress in the heart. 25,48 -52 Therefore, the possibility of a direct involvement of MT as a potent antioxidant in preventing alcohol-induced oxidative heart injury, thereby myocardial fibrosis, cannot be excluded.
Myocardial fibrosis plays a key role in myocardial remodeling and heart failure. The MT-KO/ACM mouse model thus can help to dissect the subsequent molecular and cellular events of alcohol-induced myocardial fibrosis. This animal model provides not only a unique tool to study the pathogenesis of alcoholic myocardial fibrosis but also an alternative approach to the understanding of the development and progression of ACM.
